A general thermal model to calculate the thermal resistance of a power module having rectangular die and layers has been constructed. The model incorporates a finite element computer program to solve for threedimensional heat conduction. Effects of voids in the solder regions are included. A sample case is analyzed, and a comparison is made to a recent study.
INTRODUCTION
Thermal resistance is a primary factor in the design of electronic modules for use in motor control and power conversion. In order to ensure reliability of these power modules, temperatures at the heat-generating die must remain below a certain limit. This limit is given in terms of a thermal resistance (impedance) and prescribed by the heat duty and thermal properties of the die and their supporting layers. If the development of modules depends solely on constructing prototypes and testing, the procedure will be costly. Thus, theoretical heat transfer models are used to determine the temperature distribution or thermal resistance in a module.
The heat transfer mechanism in a power module is complex: the heat flow is threedimensional, and the many layers can have contrasting thermal properties. Because of this, analytical solutions are available only for very idealized geometries. '2 For more complex and detailed cases, numerical approaches are generally taken. For instance, Wenthen investigated heat conduction in a diode using finite differences. The finite element technique has been applied to high temperature electrical contracts4. Kadambi and Abuaf 5'6 relied on a commercially available finite element code to calculate temperature distributions in complex chip/sink structures. Both two and three-dimensional analyses were documented in which they determined the effects of solder layer thickness and the heat sink convective coefficient upon the thermal resistance. The constantly increasing computer capabilities make numerical computations attractive, and many more will follow.
The objective here is to report on the modelling of power modules utilizing an available general purpose finite 
FORMULATION OF THERMAL MODEL
The structure of a power module involves a number of die mounted upon a stack of supporting layers. Solderis usually included beneath the die as well as between all following layers for thermal contact and mechanical bonding. During operation, thermal energy is generated within the die and is transferred by conduction through the supporting layers. Thermal resistance is governed by geometrical and thermal properties of the materials forming the power module. The heat flow is three-dimensional with both in-plane and transverse dissipation. These considerations are taken into account in the formulation of the model. Overall boundary conditions include a uniform heat flux at the top surface of the die as well as a uniform temperature at the bottom of the last layer or base. All four sides of each die and layer, as well as the top exposed surface of every layer, are considered to be adiabatic.
Mathematically, steady-state heat transfer within each die or layer is described by 02t + 02t + 02t 0x y 0y---z 2 0 (1) where is the temperature and x, y, and z represent rectangular coordinates. Equation (1) holds as long as the thermal conductivity is constant, independent of direction or temperature. Figure 1 displays Figure 1 has symmetry about both the x and y axes so that only one-quarter of it needs to be analyzed; this greatly reduces computational time and storage space. Such a section is displayed in Figure 2 .a while Fig. 2 .b shows the same structure subdivided into brick elements. The solder regions are too thin to be seen in these views. Also, the die does have a finite thickness which is not apparent from the figure. The coordinate system indicated has its origin at the corner common to all layers with z 0 defined at the bottom of the last layer. The heat flow is applied at the top surface of the die. Of course the device configuration in Figure 2 is arbitrary, and the model is capable of analyzing other variations, some of which are shown in Figure 3 . Note that these represent one-quarter or one-half sections.
In the case of the solder regions, the one-dimensional conducting bar element is utilized. the solder region seen in Figure 4 . The heat flow is normal to the contact area which lies in the xy plane. In Figure 4 .a, the case of zero voids is assumed so that all the differential area of each element is available for heat transfer. On the other hand, if the void fraction is set to 0.36, Figure 4 .b indicates the proportional reduction in differential area.
As stated, the pre-processor program rewrites the data file into another one having the equivalent ANSYS format. The steps carried out automatically may be summarized as:
read model geometry, solder void fraction, heat flow, and base temperature mesh each die and layer with three-dimensional conduction brick elements mesh solder regions using one-dimensional heat conduction bar elements adjusted in area by the void fraction using the solder elements, link each die to the first layer and also link all following layers apply uniform boundary conditions at individual elements at each die top and also at the bottom of the base layer Numerical accuracy of the solution is dependent on mesh resolution. A finer mesh (more individual elements) will yield better results. However, a compromise exists between accuracy and computational time; in a three-dimensional simulation, the number of finite elements can quickly exceed the storage capacity of a large computer. In addition, it is impossible to predict all the different configurations that can exist through variation of the number and dimensions of layers and die. Thus, the mesh resolution is allowed to vary. The controlling parameter is a resolution factor which specifies the number of elements; it ranges from [1] [2] [3] [4] [5] [6] [7] 
PARAMETRIC ANALYSIS OF SAMPLE POWER MODULE
The module illustrated in Figures I and 2 serves as the candidate for parametric studies by the computerized thermal model. Table I , which amounts to the input file, characterizes the one-quarter section to be analyzed. It consists of one die supported by three layers: a copper spreader, an insulator (either alumina or beryllia), and a copper base (sink). Figure 6 in which beryllia replaces alumina as the insulator. Effects become large at v > 0.25. At h (solder) 0.100 mm, a 50% resistance increase is observed at v 0.50, and it is apparent that resistance is more sensitive in this case than for the alumina insulator. This is due to a reduction in the overall resistance with the beryllia since its thermal conductivity is much greater. At the same time, the impedance of each solder layer constitutes a larger portion of R. For beryllia, the overall resistance at no voids was 0.063, 0.078, and 0.106 C/W at h (solder) 0.025, 0.050, and 0.100 mm, respectively. Figure 8 shows the resistance profile throughout the module length, at x 20 mm (corresponding to the die centerline). It is evident how much of the total resistance can be attributed to the alumina. Plots for the beryllia case ( Figures 9 and 10 ) yield similar trends although the relative contribution of the insulator is much less. Again, 50% excursions in local resistances are noted at the center of the top die surface.
CONCLUDING REMARKS
A computerized thermal model to aid in power module design has been described. 
